A new methodology for the identification of genes modulated by transcription factors in vivo is described. Mouse genomic DNA fragments bound by the thyroid hormone receptor (T3R) were selected and amplified in vitro. Subsequent hybridisation with biotinylated cDNA allowed the selection of those DNA fragments containing binding sites for T3R that corresponded to transcribed DNA. Expression analysis of the corresponding genes showed that more than 80% are indeed modulated by thyroid hormones in vivo in the liver. Together with the presence of consensus binding sites for T3R this result suggests that the selected DNA fragments may contain T3R transcriptional regulatory elements. This method, extensive to other ligandmodulated transcription factors, might be useful to all transcription factors with slight modifications.
INTRODUCTION
Transcription factors (TFs) are the main regulators of gene expression and thus involved in processes leading to developmental changes, responses to hormones and growth factors and some of the alterations causing tumoral transformation. Systematic search for genes regulated by a given TF is a difficult task. In general, the DNA sequences recognised by TFs are too short and/or degenerated, thus ruling out library screening by nucleic acid hybridisation. Furthermore, finding a consensus binding site in a DNA sequence does not guarantee a biologically functional element. Methods based on subtractive technologies (1-3) or differential screenings (4) are currently used to identify genes which are differentially expressed in cell cultures or tissues. This kind of approaches could be employed with ligand-modulated TFs, such as those belonging to the superfamily of nuclear hormone receptors (5) . However, even in those instances, additional genetic or biochemical studies are needed to determine whether the regulation is transcriptionally direct or it involves subordinate responses through other TFs.
New PCR-based strategies take advantage of the TF ability to recognise and bind in vitro the DNA elements by which regulation of gene expression proceeds. The general version of these procedures is the whole genome PCR (WGPCR) technique (6, 7) . In brief, genomic DNA fragments bound by a given TF are selected and amplified by PCR. Iteration of the selection and amplification steps yields a collection of DNA fragments enriched in TF binding sites. Some of such fragments are functional in binding TF in vitro and in cw-modulation of transiently transfected reporter genes in cell cultures (8) (9) (10) . However, the physiological significance of these elements is often uncertain and relies on the identification of the genes putatively controlled by them, which requires additional screenings of genomic and cDNA libraries (11) . Experience has shown that although theoretically convincing, the isolation of genes via their regulator protein is very difficult (8) (9) (10) 12) . Most likely derived from artifactual protein-DNA interactions, 'junk' sites appear to mask the physiological elements, making arduous their selection. In fact, a recently developed method that presumably should select in vivo binding sites for TF also isolated irrelevant sites (13) .
Here, we have addressed this problem by performing an additional step after the WGPCR process in order to select for TF binding sites close to, or overlapping with, transcribed DNA, i.e. expressed genes. This has been attained by hybridising the population of DNA fragments containing TF binding sites with cDNA derived from a target tissue and selecting the hybridised DNA.The rationale for such a step is that TF binding sites located in the coding or surrounding sequences of a gene would have a higher probability to be functional elements modulating its expression.
To test the adequacy of the proposed approach we have chosen the thyroid hormone receptor, a ligand-modulated TF, as a model. This system offers two important advantages: (i) a high number of genes are expected to be modulated in rodent liver by thyroid hormones (TH), major regulators of vertebrate metabolism, development and homeostasis (14, 15) , and (ii) manipulations of the thyroidal status allows a suitable analysis of the in vivo *To whom correspondence should be addressed + Present address, Instituto de Investigaciones Biometiicas (CSIC), Arturo Duperier 4, 28029 Madrid § Z32539-Z32551, Z32553, Z32634 regulation of the genes corresponding to the selected fragments. WGPCR using T3R followed by selection with liver cDNA led us to isolate genomic DNA fragments corresponding to genes expressed in the liver. Most of them were in fact regulated in vivo by thyroid hormones and also contained putative binding sites for T3R. The usefulness of the described approach for other TFs is discussed.
MATERIALS AND METHODS
Whole genome PCR Mouse genomic DNA was partially digested with Sau3Al and ligated to adaptors to allow subsequent PCR amplification (Sau3Al adaptor was composed of the oligonucleotides 5'-GA-TCCACGTCACCGTGAATTCGTG-3' and 5'-CACGAATTC-ACGGTGACGTG-3', the latter was the one used in PCR amplification). Ligation products were fractionated in lxTBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3), 5% acrylamide gel electrophoresis and DNA fragments from 250 to 750 bp were purified. This collection of fragments was used as the starting material for the binding/amplification procedure. Equimolar amounts (10-20 fmole) of in vitro translated hTR/3 (human thyroid-hormone receptor beta) and hRXRa (human 9-cis retinoic acid receptor alfa) proteins were incubated in a final volume of 40 /il with 1 /tg of genomic DNA and 10 /tg of poly dldC in binding buffer (25 Selection of transcribed DNA DNA obtained by the whole genome PCR procedure (also termed TRBS DNA, see 'Results and Discussion') was hibridised with cDNA to select the fraction of transcribed DNA. Biotinylated single stranded cDNA was synthesised from mouse liver poly(A) + RNA by random priming in the presence of 0.25 mM Biotin-21-dUTP (Clontech). Repetitive sequences in the driver cDNA (50 ng) were blocked by hybridisation with 10 /tg of denatured mouse genomic DNA in 10 /il of 5 xSSC at 68 °C for 2 hours. Then, 1 ng of denatured TRBS DNA (1 /ig//tl) was added and hybridisation continued overnight. The biotinylated complexes were captured by addition of 50 fd of streptavidin paramagnetic particles (PMPs, Promega), whose non specific DNA binding sites had previously been blocked with single stranded DNA, and washed two times with 500 /d of 0.1 xSSC at 65°C for 10 min. TRBS-cocaptured DNA was finally recovered by boiling PMPs in distilled water and PCRreamplified as before to obtain the TRGC DNA. After EcoRl cleavage, a TRGC library was constructed in the pUC18 vector. Individual clones were further analysed as explained in the text.
Plasmids and probes pJLAhTR/3, an E.coli expression vector of hTR/3, was constructed by subcloning the hTR/3 cDNA present in plasmid peAlOl (16) into the Ndel site of the expression vector pJLA603 (Medac), in which gene transcription is controlled by the XP L promoter and the cits repressor.
Plasmids for in vitro translation of hTR/3 and hRXRa proteins were prepared by subcloning the corresponding cDNAs, present in plasmids peAlOl (16) and in pSGhRXRa (D.Barettino; unpublished data) respectively, into the SP6 promoter vector pSP64polyA (Promega). The oligonucleotide pairs 5'-CCCAA-GCTTGCCGCCGCCATGACAGAAAATGGCC3 75 'GCGGA-TCCTAATCCTCGAACACTTC-3' and 5'-CCCAAGCTTGA-GTTAGTCGCCACCATGGACACC3 75 'GCTCTAGAGGC-CTAAGTCATTTGGTGC-3' were used to PCR-amplify hTR/3 and hRXRa cDNAs, respectively. In this way, cDNAs with an optimal translation initiation environment were generated (17) . In addition, unique restriction sites were introduced to directly clone them into the polylinker region of pSP64polyA. Expression plasmids pSPhTR/3 and pSPhRXRa were finally obtained.
Probe for cyclophilin was the rat cDNA present in plasmid plB15 (18) . Probe for SPOT14 was the DNA fragment obtained by PCR from genomic rat DNA using the oligonucleotides 5'-AGCATGCAAGTGCTAACG-3' and 5'-TGATGGAGGCT-GGAGAAGTG-3'. The amplified sequence (381 bp in length) covers most of the coding region (19) .
hTR/3 overexpression and antibody production E.coli DH5a cells transformed with the pJLAhTR/3 expression vector were grown at 30°C to an O.D. 595 = 0.6 in LBampicillin medium, and the culture was induced by temperature shift to 42 °C for 2 hours. hTR/3 protein was produced as insoluble material that was extracted with 8 M urea. The solubilised hTR/3 protein was subsequently dialysed at room temperature against dialysis buffer (50 mM Tris-HCl pH 8, 0.2 M NaCl, 7 mM 2-mercaptoethanol, 1 mM EDTA and 5% glycerol) containing first 2 M urea for 2 hours, then 0.5 M urea for 2 hours and finally without urea for 16 hours at 4°C. Soluble hTR/3 protein was further purified by SDS-PAGE prior to rabbit immunisation. An hTR/3 -Sepharose column was prepared by coupling soluble hTR/3 to CNBr-activated Sepharose (Pharmacia) and used to purify specific anti-TR/3 immunoglobulins from serum.
In vitro transcription and translation Plasmids pSPhTR/3 and pSPhRXRa were used as templates in a transcription-translation coupled system (TNT™ lysate, Promega) to synthesise hTR/3 and hRXRa proteins. Parallel reactions in the presence of [ Electrophoretic mobility shift assays (EMSA) Equimolar amounts (10-20 fmole) of in vitro translated hTR/3 and hRXRa proteins were incubated in 50 fd of binding buffer with the indicated 32 P-labelled DNA fragments and 1 /*g of polydl-dC as non specific competitor during 30 min at room temperature. For the competition assays, a 125-fold mass excess of the indicated unlabelled competitor was added. Protein-DNA complexes and free DNA were resolved in 0.5XTBE, 5% acrylamide gel electrophoresis.
Preparation of hypothyroid and hyperthyroid mice Adult postnatal day 60, Swiss mice were used. To induce hypothyroidism, 0.02% of methylmercaptoimidazol was administered in the drinking water for 25 days. Hyperthyroidism was induced by daily injections of 50 /tg of 3,3',5-triiodo-Lthyronine (Sigma) per animal for 5 consecutive days. Animals were sacrified 90 min after the last injection. The livers from each group (hypothyroid, hyperthyroid and control) consisting of five animals, were pooled for mRNA extraction. The efficacy of the hormonal manipulations were demonstrated by analysing SPOT14 expression in Northern blots. SPOT14 mRNA expression has been shown to be regulated by TH (19) and is therefore a reliable indication of TH effects on the liver. Maintenance and handling of the animals were as recommended by the NIH Guide-Lines on The Care and Use of Laboratory Animals.
mRNA extraction, Northern blots and nucleic acid labelling Total RNA was obtained by the guanidine-phenol-chloroform method (20) and the poly (A) + fraction selected by hybridisation to biotinylated oligo(dT) (Promega) and PMPs capturing. For Northern analysis, 1 /tg of poly(A) + RNA was electrophoresed in agarose gels and blotted onto Nylon membranes using standard protocols (21 P-labelled by Klenow fill-in reactions using convenient dNTPs.
Nucleic acid sequencing and analysis
Sequences were determined by the dideoxy chain termination method (22) using the Sequenase 2.0 sequencing kit (USB). Sequence analysis were carried out with GCG (23) and Intelligenetics package of programs.
RESULTS AND DISCUSSION
Isolation of transcribed genomic DNA fragments bound by T3R Figure 1 illustrates the methodology followed. We performed WGPCR basically as described (6, Figure 1A ). Mouse genomic DNA was partially digested with Saw3Al and modified by adaptor ligation. DNA fragments suitable in size for PCR amplification (250-750 pb) were purified. This DNA was incubated with T3R (in the form of hTR/J /hRXRa heterodimer) and specific protein-DNA complexes were immunoprecipitated with an antibody raised against the hTR/3 protein (see Materials and Methods). Co-precipitated DNA was amplified by PCR and then used for further rounds of selection and PCR amplification. Two or three of these cycles rendered collections of DNA fragments containing binding sites for T3R (thyroid receptor binding sites, TRBS DNA) as assessed in competition assays with a well characterised binding site for T3R (CTAGATCAGGTCATG-ACCTGATCATG, P0 element, ref. 5, Figure IB) . Since no significant differences in competition efficacy were observed between TRBS DNA from cycles 2 or 3, the former was used in posterior steps. Next, the novel hybridisation step was carried out ( Figure 1C ). Repetitive sequences present in biotinylated cDNA made from mouse liver mRNA, were blocked by prehybridisation with sonicated heat-denatured mouse DNA. This step forces the posterior formation of cDNA-TRBS hybrids through single or low copy sequences, favouring the selection of TRBS DNA linked to expressed genes. Then, TRBS DNA was added and hybridisation continued until cDNA-TRBS hybrids were formed. Biotinylated molecules were captured with streptavidin paramagnetic particles and washed at high stringency. Cocaptured TRBS DNA was amplified again by PCR, obtaining the final collection of thyroid receptor genomic binding sites linked to cDNA (TRGC DNA). Cleavage with EcoYH and cloning in pUC18 originated a TRGC library. In total, 72 clones were checked by restriction analysis. Clones without inserts or containing multiple ones and those whose inserts were shorter than 200 bp were discarded. Finally, 39 clones were chosen for a detailed study.
Characterisation of the selected TRGC DNA fragments
Should the strategy worked as predicted, the TRGC fragments would have three properties: all or part of their sequence should be transcribed DNA, the corresponding genes should be transcriptionally regulated by TH, and one or more units of the T3R binding motif AGGTCA or variants thereof (5), should be present in their sequence. To analyse mRNA expression and TH regulation, Northern blots containing poly(A) + RNA from livers of hypothyroid, euthyroid and hyperthyroid mice were probed with individual TRGC DNA fragments (Figure 2 ). Sixteen clones gave signals after exposure times ranging from hours to one week. More than 80% (14 out of 16) of the transcripts showed regulation by TH in vivo as deduced from the Northern analysis ( Figure  2 ). It has been reported that about 5% of transcripts in the liver could be directly regulated by TH (15) . The proportion of THresponsive transcripts we have obtained suggests that there are elements in the selected DNA fragments that modulate gene transcription upon T3R binding and TH action.
Sequences of the Northern-positive TRGC fragments were determined and used in data base searching (Figures 2 and 3) . Most of them corresponded to genes described in mouse or in other mammals: protein disulphide isomerase {PDF}, alcohol dehydrogenase (ADH), aldehyde dehydrogenase (ALDH), one of the jt-class glutathione-S-transferases (GST), alpha-enolase, an endogenous murine retroviral sequence (MuLV), NADH ubiquinone oxidoreductase (CI-23kD), major urinary protein (MUP), ubiquitin activating enzyme El (UAP El), a member of the cytochrome p450 testosterone 16-alpha-hydroxylase family + RNA from livers of hypothyroid (HO), control (C) and hyperthyroid (H3) mice was subjected to Northern analysis and probed with 32 Plabelled TRGC inserts. Exposures times varied depending on the relative expression of each mRNA. Cyclophilin (CYCLOP), a TH-non-regulated gene, and SPOT14, a positively TH-regulated gene were used as controls. Right to the Northern bands, the observed regulation by TH (1, down-regulation; t, up-regulation; 11, biphasic response; -, no response) apparent mRNA size, corresponding gene (when identified by sequence data base searching; UNK, unidentified gene) and location of the fragment along the gene structure (int, intron; ex, exon; prom, promoter, UTR, untranslated region) are indicated. Accession numbers for TRGC inserts are: Z32539 (TRGC07), Z32540 (TRGC10), Z32541 (TRGC14), Z32542 (TRGC15), Z32553 (TRGC19), Z32543 (TRGC39), Z32544 (TRGC42), Z32545 (TRGC52), Z32546 (TRGC55), Z32547 (TRGC67), Z32634 (TRGC73), Z32548 (TRGC78), Z32549 (TRGC79), Z32550 (TRGC81) and Z32551 (TRGC82). 18S ribosomal insert in TRGC46 corresponded to 1055-1609 coordinates of the reported sequence (31) . Three distinct, but highly similar genes for cytochrome p450 testosterone 16-alpha-hydroxylase have been described (32) . Sequence alignments did not allow us to unequivocally assign TRGC73 sequence to any of them. Either it could correspond to a new gene of the family or differences in sequence could be due to mutations introduced by Taq polymerase during PCR amplification.
(P450) and ribosomal protein L35. Only for MUP a direct transcriptional regulation by TH has been described (24) , and biochemical data also suggest that ADH is modulated by TH (25) . Modulation by TH has not previously been described for the remaining genes. Four of these genes encode proteins involved in detoxifying processes (ADH, ALDH, GST and UAP El). Interestingly, they all are down-regulated by TH (actually, acetaldehyde, produced by ADH from ethanol is a substrate for ALDH). Three other TRGC fragments, whose corresponding genes still could not be assigned, hybridised with transcripts also modulated by TH in vivo. Only two TH-non responding genes were isolated in the process, the alpha subunit of the mitochondrial ATP synthase {ATP SYN) and the ribosomal 18S RNA (rl8S).
As expected from the selection criteria several consensus AGGTCA motifs were found in all TRGC DNA fragments corresponding to TH-responsive genes (Figure 3) . A clear relationship between the number of sites, their spacing and orientation, and the extent and type of regulation could however not be deduced. Although consensus thyroid response elements, direct repeats of the AGGTCA motif spaced by four nucleotides (26, 27) , are found in some of our fragments (Figure 3) , the presence of other elements and mainly dispersed AGGTCA half sites is more common. Furthermore, T3R was able to bind isolated TRGC DNA fragments. Figure 4 shows the interaction of T3R with some TRGC DNA fragments analysed in EMSA. This binding seemed to be specific, as it was competed out with P0 ( Figure 4 , lanes c) and not with an irrelevant DNA ( Figure  4, lanes d) . Obviously a detailed analysis is required to determine which of the putative elements presented in Figure 3 is responsible for such interaction.
All types of TH control, up-and down-regulations and also biphasic responses (down-regulation in both hypo and hyperthyroidism) were observed ( Figure 2 ). Comparing our results with those from others (3, 15, 28, 29) , a major discrepancy is observed. We have found a high percentage of down-regulated genes, particularly in the hyperthyroid state, whereas in the mentioned reports, the majority of the genes are up-regulated. Likely explanations for that may arise from particular aspects of our approach: (i) it is unknown whether the TR/3/RXRa heterodimer used in the WGPCR selection has some site preference, (ii) the cDNA hybridisation introduced a bias that underscores or discards elements >500 bp upstream of the transcription start sites and (iii) the only two cycles of selection performed could yield a population of DNA fragments non substantially enriched in in vitro canonical high affinity T3R binding sites. All together, the procedure might have led to the preferential selection of thyroid responsive negative elements. It has been recently reported that negative TH elements could be mainly multiple half sites of the AGGTCA consensus (30) . This is the kind of elements we have predominantly detected in the sequence of our TRGC fragments (Figure 3) .
CONCLUSIONS
WGPCR is a powerful method to isolate DNA fragments containing in vitro binding sites for TFs. However, it is not a straightforward procedure to identify in vivo TF-regulated genes. The procedure here described, which includes an additional step of hybridisation with cDNAs from a target tissue, has been useful to identify a subset of genes modulated by T3R. Limitations introduced by effectiveness in PCR amplification restrict the genes potentially selectable to those in which binding sites for TFs fall in or near the spliced mRNA. This new method can be applied to other ligand-modulated TFs for which an easy in vivo identification of the transcript regulation is allowed. However, the selection of DNA fragments containing TF binding sites and the cDNA hybridisation are ligand-independent. The method could be extensive to all TFs reproducing the ligand action by, for example, inducing a cell culture to overexpress the TF under study. Another interesting feature of the system resides in the fact that TRBS DNA, or in general TFBS DNA (transcription factor binding sites DNA) could be a common substrate to isolate genes regulated in any other tissue. Cell-, tissue-or developmental-stage specific clones can potentially be obtained from a single TFBS collection of fragments, by simply changing the driver cDNA source.
